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We report the investigation of coherent GaN nanocrystals spontaneously formed by
nitrogen-plasma-assisted reactive epitaxy with Ga droplets supported on the single crystalline
Si3N4s0001d /Sis111d surface. The distribution of grown GaN nanocrystals, as revealed by scanning
electron microscopy and cross-sectional transmission electron microscopy, is very uniform in size
s,16 nmd and shape and the distribution width is significantly narrower than that of Ga droplets
deposited in the Volmer–Weber mode. By using high-resolution electron microscopy, the shape and
crystalline structure of the self-assembled GaN nanocrystals can be determined to be truncated
triangular pyramids formed by the facets of the GaN wurtzite lattice. © 2004 American Institute of
Physics. [DOI: 10.1063/1.1787947]
Recently, self-assembled nanocrystals or quantum dots
of wide-band-gap GaN and related group-III nitride semicon-
ductors have received considerable attention1–4 because of
their increasing applications in light-emitting5 and
electronic6 devices, as well as potential applications in quan-
tum information processing.7 In the heteroepitaxial semicon-
ductor nanocrystal systems, most of the growth methods are
related to the Stranski–Krastanow (SK) mode.2–4 An alterna-
tive approach of growing self-assembled nanocrystal struc-
tures has also been demonstrated based on the droplet epi-
taxy mechanism.8,9 Unlike the SK mode, this approach does
not require the formation of a wetting layer and is applicable
for any suitable solid template surface as long as the surface
and interface energies of deposited metal are higher than the
surface energy of the solid template surface. Thus, the nano-
crystal size distribution can be flexibly controlled (e.g., to
form ultradense nanocrystals or even multimode nanocrys-
tals) by the coarsening process of metal droplets pre depos-
ited via the Volmer–Weber (VW) mode. Because Ga is a
liquid at ,30°C, the droplet epitaxy method can be used for
the growth of GaN nanocrystals and the sizes and densities
of Ga liquid droplets can be tuned by annealing at different
temperatures or by increasing/decreasing deposition time. In
this letter, we report the size distribution and self-formed
shape of coherently strained GaN nanocrystals grown on
single crystalline Si3N4s0001d /Sis111d by using a reactive
epitaxy method with Ga droplets.
GaN nanocrystal samples were grown by plasma-
assisted molecular beam epitaxy (PAMBE) on 3 in.
p-Sis111d wafers. The custom-made PAMBE system (DCA-
600, DCA Instruments) is equipped with a radio-frequency
nitrogen plasma source (ADDON). Before growth, Si wafer
was annealed in situ and the surface quality of the Si
s111d− s737d reconstruction was verified by reflection high-
energy electron diffraction (RHEED) at 830°C [Fig. 1(a)].
After surface cleaning, single-crystal b-Si3N4s0001d layer
(1.5–2.0 nm thick) was formed by nitrogen plasma nitrida-
tion. The as-prepared b-Si3N4s0001d layer showed the
known surface reconstruction of “s838d” ordering [in terms
of the Sis111d lattice constant, Fig. 1(b)], with the simulta-
neously observed “s 83 3
8
3 d” ordering corresponding to the in-
commensurate surface arrangement of nitrogen adatoms.10
The reason that high-quality b-Si3N4s0001d layer can be epi-
taxially formed on Sis111d is due to the 1:2 coincident-
interface condition between b-Si3N4s0001d) and Sis111d.11
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FIG. 1. RHEED patterns and corresponding schematic illustration for the
growth process of GaN nanocrystals on Si3N4s0001d /Sis111d: (a) initial
Sis111d−737 reconstruction surface; (b) after 30 s exposure of active ni-
trogen plasma at 900°C [formation of the Si3N4s0001d /Sis111d-“s838d”
reconstruction surface]; (c) after growth of GaN nanocrystals on the
Si3N4s0001d surface. The electron beam azimuth is along the f101¯g direction
of the Si substrate sif1¯1¯20gGaNd.
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Si3N4 surface is an excellent template for performing
reactive epitaxy of GaN nanocrystals since Ga droplets can
be formed on this surface via the VW mode without the
complications of wetting layer and chemical intermixing.
Furthermore, Si3N4 layer has a large band gap of ,5 eV.10
Unlike the cases of Fe, Co, Ni nanoclusters deposited on
b-Si3N4s0001d) at room temperature,12 Ga deposited on this
surface at high temperature s450°Cd shows the classical
nucleation behavior; i.e., the size distributions of clusters are
controlled by the coarsening process of stable nuclei. To
grow GaN nanocrystals, nitridation of Ga droplets was per-
formed at an elevated substrate temperature of 550°C for
5 min under an active nitrogen plasma flux. A long nitrida-
tion time is used to ensure the nanocrystals formed in this
way can reach conditions close to the constrained thermody-
namic equilibrium. After this nitridation process, the spotty
RHEED pattern [Fig. 1(c)] with two lattice orderings indi-
cates the existence of three-dimensional GaN nanocrystals
on b-Si3N4s0001d. The slightly broad spots observed in the
RHEED pattern of Fig. 1(c) indicate that the GaN nanocrys-
tals were formed with some orientation disorder. The en-
semble averaged in-plane lattice mismatch [Sis111d substrate
versus GaNs0001d nanocrystal] determined by this RHEED
pattern is about +19% f;saSi−aGaNd /aGaNg, which corre-
sponds to a small strain in GaN nanocrystals compared to the
in-plane mismatch of +20.4% using the relaxed lattice pa-
rameters of bulk Si and GaN.
To obtain more detailed information regarding the size
and shape distribution of GaN nanocrystals, we used the ex
situ technique of scanning electron microscopy (SEM). Fig-
ure 2(a) shows a large-area SEM image of an uncapped
sample, confirming the formation of GaN nanocrystals in
real apace with a surprisingly narrow size distribution. It
should be noted that the b-Si3N4s0001d surfaces prepared by
nitrogen plasma nitridation typically show a regular surface
step structure [as can be seen in Fig. 2(a)]. The Ga droplets
and subsequently formed GaN nanocrystals were found to
adhere preferentially to the step edges (,84%, the total num-
ber of counted nanocrystals: 462). Among them, there are
three adhesion configurations: (1) nanocrystals attached to
the upper step edges s,39% d, (2) nanocrystals attached to
the lower step edges s,33% d, and (3) nanocrystals attached
across the step edges s,12% d. The GaN nanocrystals
formed across the step edges (striding type) have their crystal
direction slightly misaligned from the template normal direc-
tion. The areal density of GaN nanocrystals can be estimated
from the SEM images to be about 1.131010 cm−2. We have
confirmed that this density can be altered (up to 1.8
31012 cm−2) by controlling the nominal coverage and the
static coarsening process of Ga droplets. Figure 2(b) is a
high-resolution SEM image of nanocrystals, displaying the
detailed shape information and the orientations of GaN
nanocrystals. From this image, we can find that all GaN
nanocrystals, independent of their adhesion configurations,
are highly faceted and the nanocrystal base plane is triangu-
lar in shape. In addition, they are aligned to two sets of
threefold-symmetry directions in relation to the
b-Si3N4s0001d surface plane [indicated by solid and dashed
arrows in Fig. 2(b)]. The size histogram [Fig. 2(c)], obtained
from analyzing the SEM image shown in Fig. 2(a), verifies
that the size [denoted by effective diameter d*, using the
definition of A=psd*d2 /4 (A: the base area of each nano-
crystal)] distribution of GaN nanocrystals is very uniform.
And, the mean sizes nanocrystals, determined by fitting the
distribution curve with the Gaussian distribution function,
locate at about 16 nm. The distribution width s,5 nmd of the
nanocrystals is significantly narrower than the typical distri-
bution width of Ga droplets deposited via the VW mode,
implying that mass transport process occurred during the
droplet nitridation procedure.
Figure 3(a) shows a high-resolution cross-sectional
transmission electron microscopy (XTEM) image taken
along the f1¯1¯20gGaNi f101¯gSi zone of a GaN nanocrystal
slightly misaligned from the surface normal direction (strid-
ing type, attached across the step edge). It can be clearly
observed that the cross section (coincidently bisected
through the nanocrystal center) of the nanocrystal is trapezoi-
dal and the lattice structure is wurtzite-type and defect-free.
There are also XTEM images of other nanocrystals with bet-
ter orientation alignment with respect to the support surface.
However, these images do not display the detailed facet in-
formation as shown in Fig. 3. Therefore, we choose this im-
age to demonstrate the facet structure of the self-formed GaN
nanocrystals since the nanocrystal shape is identical [see Fig.
2(b)]. By comparing the lattice periodicities of Sis111d sub-
strate and GaN nanocrystal, which are both shown in this
XTEM image, the spacing of lattice planes within the GaN
nanocrystal perpendicular to the top facet is 2.80±0.06 Å,
and that parallel to the top facet is 2.58±0.05 Å (shown as
double spacing to be compared with the lattice constant c of
2 H stacking). The corresponding GaN wurtzite lattice con-
stants measured in this XTEM image are: a=3.24±0.07 Å
and c=5.16±0.1 Å. By comparing the lattice constants of
the bulk GaN wurtzite 2H-stacking structure: a=3.189 Å
FIG. 2. (a) SEM image of uncapped GaN nanocrystals grown on
Si3N4s0001d /Sis111d s2.331.5 m2d. (b) High-resolution SEM image of un-
capped GaN nanocrystals grown on Si3N4s0001d s3503350 nm2d. Two
kinds (approximately equal population) of GaN nanocrystals with comple-
mentary orientations are indicated by solid and dash arrows. (c) Histogram
of effective basal diameter distribution of nanocrystals.
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and c=5.186 Å, the grown GaN nanocrystal is under in-
plane tensile strain (consistent with the macroscopic RHEED
observation) and compressively strained in the c axis. It is
surprising that the observed strains are so small, considering
that the lattice mismatch is very large between GaN and Si
[,5:4 in the s0001d / s111d plane]. It is possible that 5:4
coincident lattices form at the interface, in analogy to the b
-Si3N4s0001d /Sis111d interface with a 1:2 “magic” ratio. As
a result of this coincident lattice matching, spontaneous for-
mation of coherent GaN nanocrystals is possible due to the
reduced strain. On the basis of the observed angles between
the terminating planes and the stereographic projection of
GaN wurtzite lattice on the C plane [shown in Fig. 3(b)], the
exposed nanocrystal facets can be identified as the following
[schematically shown in Fig. 3(c)]: Cs0001d plane (top),
three vertical s90° d Mh11¯00j planes, and other side facets
formed by the three Sh1¯101j s61.5° d and three Rh1¯102j
s42.46° d planes(all measured angles are with respect to the C
plane). The proposed truncated triangular pyramid structure
for the observed GaN nanocrystal shown in Fig. 3(c) is in
agreement with the observed shape of GaN nanocrystals by
high-resolution SEM. In addition, because of the crystallo-
graphic symmetry of GaN wurtzite structure, the proposed
faceted structure has two complementary orientations, also
supporting the observed result of high-resolution SEM
shown in Fig. 2(b). The observed GaN nanocrystal shape is
quite different from the truncated hexagonal pyramid shape
of GaN nanocrystals grown by the SK mode,13 which is
likely a consequence of the different growth mechanism in-
volved here. In our case, the growth conditions of GaN
nanocrystals are closer to thermodynamic equilibrium, and
the equilibrium shape of resulting GaN nanocrystals is prob-
ably due to the competition between surface/interface ener-
gies and elastic strain energy.14,15
In summary, we have shown that epitaxial, coherently
strained, and uniform nanocrystals can be spontaneously
formed on the single-crystal Si3N4s0001d /Sis111d surface
using the method of reactive epitaxy. In the high-resolution
microscopic analysis, a narrow size peak is found in the
nanocrystal distribution. Combined with the results of high-
resolution SEM and XTEM, the crystalline and facet struc-
tures of the spontaneously formed GaN nanocrystal are un-
ambiguously determined.
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FIG. 3. (a) High-resolution TEM image (along the f1¯1¯20g zone) of a GaN
nanocrystal grown across the step edge of the Si3N4s0001d template. (b) The
stereographic projection of the GaN wurtzite structure on the C plane. Two
complementary orientations of GaN nanocrystal facets are indicated by
closed and open circles, respectively. (c) Top view of the proposed truncated
triangular pyramid structure of grown GaN nanocrystal.
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